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Abstract
A benchmark CP -violating supersymmetric scenario (known as ‘CPX-scenario’ in
the literature) is studied in the context of the Large Hadron Collider (LHC). It is
shown that the LHC, with low to moderate accumulated luminosity, will be able to
probe the existing ‘hole’ in the mh1-tan β plane, which cannot be ruled out by the
LEP data. We explore the parameter space with cascade decay of third generation
squarks and gluino with CP-violating decay branching fractions. We propose a multi-
channel analysis to probe this parameter space some of which are background free at
an integrated luminosity of 5-10 fb−1. Specially, multi-lepton final states (3l, 4l and
like sign di-lepton) are almost background free and have 5σ reach for the corresponding
signals with very early data of LHC for both 14 TeV and 7 TeV center of mass energy.
1priyotosh@kias.re.kr
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1 Introduction
One of the main motivations for suggesting supersymmetry (SUSY) is to remove the
fine-tuning problem in the Higgs sector of the standard model. The condition of holo-
morphicity of the superpotential requires two Higgs doublets in the minimal SUSY
extension of the standard model (SM). There the Higgs sector has a larger parti-
cle content than the SM, and the physical states in this sector comprise two neutral
scalars, one pseudoscalar and one charged Higgs boson. Finding the signatures of these
scalars is also important along with the search for SUSY at the upcoming Large Hadron
Collider (LHC).
Prior to the LHC several experiments failed to discover the Higgs, but yielded some
bound on the Higgs mass. The strongest lower bound on the smallest Higgs mass (mh)
from the Large Electron Positron Collider (LEP) is mh > 114.4 GeV [1, 2]. In the
MSSM, with all the real and CP-conserving parameters, the lower limit on the lightest
Higgs boson is ∼ 90 GeV [3] for any tan β. However, when the Higgs sector inherits
some CP -violating phase through radiative corrections [4, 5], the above limit ceases to
be valid. We will be concentrating in this CP-violating scenario.
CP-violation in the Higgs sector is possible in multi-Higgs doublet models, such as
a general 2-Higgs Doublet Model (2HDM) or indeed the MSSM. In the latter, it has
been shown that, assuming universality of the gaugino masses (Mi, i = 1, 2, 3) at some
high energy scale, the CP-violating MSSM Higgs sector can be parametrised in terms
of two independent phases: that of the Higgsino mass parameter (also called µ term),
i.e., Arg(µ), and that of the soft trilinear Supersymmetry (SUSY) breaking parameters,
i.e., Arg(Af ), with f = t, b. The experimental upper bounds on the Electric Dipole
Moments (EDMs) of electrons and neutrons [6, 7] as well as of mercury atoms [8]
constraints on these phases.
It is well-known by now that the lower bound on the mass of the lightest Higgs
boson of the CP -conserving MSSM (from LEP [2]) can be drastically reduced or may
even entirely vanish if non-zero CP -violating phases are allowed [9, 10]. This can hap-
pen through radiative corrections to the Higgs potential, whereby the above mentioned
phases of the Higgsino mass parameter µ and the trilinear soft SUSY breaking parame-
ter A enter into the picture. As a result of the CP -violating phase, the neutral spinless
states are no more of definite parity, and their couplings to gauge bosons as well as
fermions are thus modified, depending on the magnitude of the phases. Thus there are
three neutral states hi (i=1,2,3); the collider search limits for all of them are modified
since the squared amplitudes for production via WW , ZZ and qq¯ couplings for all of
them now consist of more than one term. Due to this mixing through the loop effects,
the lightest Higgs boson is almost CP-odd with highly suppressed coupling to ZZ pair.
Thus results in reduced production rates and consequent weakening of mass limits at
collider experiments.
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In the context of a benchmark CP -violating scenario (often called the CPX scenario
in the literature [10]), it has been found that mh1 as low as 50 GeV or even smaller,
cannot be ruled out by the final LEP data for low and moderate values of tan β,2. In
other words, a ‘hole’ is found to exist in the mh1-tan β parameter space covered by the
LEP searches, the underlying reason being the reduction in the coupling ZZh1 due to
the CP -violating phase(s), as mentioned above. Moreover, complementary channels
such as e+e− → h1h2, suffer from coupling as well as phase-space suppression within
this ‘hole’, thus making it inaccessible to LEP searches. The existence of this hole has
been confirmed by the analysis of the LEP data by different experimental groups [2],
although its span varies.
The next natural step is to assess the prospect of closing the hole at Tevatron Run
II or the LHC. The existing analysis on this [11], however, focuses on the discovery
channels based on the conventional Higgs production and decay mechanisms employed
in the context of the SM. It has been noted that although the hadron colliders can
probe most of the parameter space of the CPX scenario and can indeed go beyond
some regions of the parameter space scanned by the LEP searches, the lightest Higgs
boson within the aforementioned hole may still escape detection. This is because not
only the ZZh1 but also the WWh1 and tt¯h1 couplings tend to be very small within
this hole. On the other hand, the relatively heavy neutral Higgs bosons h2,3 couple to
W , Z and t favourably, but they can decay in non-standard channels, thus requiring a
modification in search strategies. The other work [13] which has looked into possible
signals of the CPX scenario at the LHC is also restricted to the production of hi
(i=1,2,3) bosons in SM-like channels. However, they looked into more decay channels
of the hi bosons thus produced. Until now it has been concluded that parts of the
holes in the M+H -tan β or the mh1-tan β parameter space can be plugged, although
considerable portions of the hole, especially for low tan β, may escape detection at the
LHC even after accumulating 300 fb−1 of integrated luminosity.
Thus it is important to look for other production channels for the scalars in the
CPX region, especially by making use of the couplings of h1 with the sparticles. In
this context we explore the cascade decay of third generation scalar quarks, mainly t˜1t˜
∗
1
and b˜1b˜
∗
1. This could be discovery channels, in cases where the t-t¯-h1 and W -W -h1,
Z-Z-h1 couplings are highly suppressed.
Previously, measurement of CP-asymmetries and the various decays probing this
CP-violating sector have been studied extensively [[12]-[25]]. The Higgs production
under the CP-conserving supersymmetric cascade has been analysed in Refs. [26, 27,
28, 29, 30]. It has been noted that in a general CP -violating MSSM, the cross section of
t˜1t˜
∗
1h1 production could be dramatically larger than that obtained by switching off the
2where h1 is the lightest neutral Higgs, and tanβ is the ratio of the vacuum expectation values of the two
Higgs doublets
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CP -violating phases [31]. Since the trilinear SUSY breaking parameter At is necessarily
large in the CPX scenario, t˜1 tends to be relatively light and may be produced at the
LHC with large cross section. As a bonus, both h2 and h3 also couple favourably to
the tt¯ pair and can add modestly to the signal although by themselves they fail to
produce a statistically significant signal. In Ref. [32] we investigated the implications
of these couplings at the LHC, by concentrating on a specific signal arising from the
associated production of the neutral Higgs bosons with a top-pair or a pair of lighter
stop squarks.
This paper is organised as follows. In Section 2 we discuss the basic inputs of
the CPX scenario, the resulting mass spectrum and other features they lead to. All
of our subsequent numerical analysis would be in this framework where we also use
the alternative expression CPV-SUSY to mean the CPX-scenario. In section 3 we
define the proposed parton level signal. In section 4 we do the collider simulation and
devise the event selection criteria to reduce the SM backgrounds and present the final
numerical results in section 5. We summarise and conclude in section 6.
2 The CPX Model: values of various parame-
ters
As indicated in the introduction, we adopt the so called CPX scenario in which the
LEP analyses have been performed. It has been observed [4, 5] that the CP -violating
quantum effects on the Higgs potential is proportional to Im(µAt)/M
2
SUSY , where At
is the trilinear soft SUSY breaking parameter occurring in the top squark mass matrix,
andMSUSY is the characteristic SUSY breaking scale, which is of the order of the third
generation squark masses. With this in mind, a benchmark scenario known as CPX
was proposed and its consequences were studied [33, 34, 35, 36, 37, 38, 39, 40, 41, 42].
In this scenario, the effects of CP -violation are maximized. The corresponding inputs
that we adopt here are compatible with the “hole” left out in the analysis.
mt˜ = mb˜ = mτ˜ =MSUSY = 500 GeV, µ = 4MSUSY = 2 TeV
|At| = |Ab| = 2MSUSY = 1 TeV, arg(At,b) = 90◦
|mg˜| = 1 TeV, arg(mg˜) = 90◦
M2 = 2M1 = 200 GeV, tan β = 5− 10
The only departure from reference [11] lies in a small tweaking in the mass ratio of
the U(1) and SU(2) gaugino masses M1 and M2, aimed at ensuring gaugino mass
unification at high scale. It has been checked that this difference does not affect the
Higgs production or the decay rates. The presence of a relatively large At ensures that
one of the top squarks will be relatively light. The value of the top quark mass has
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mh1 mh2 mh3 mt˜1 mt˜2 mb˜1 mb˜2 mχ01 mχ02 mχ±1
39.8 104.7 137.1 317.6 668.2 475.9 526.6 99.6 198.4 198.4
Table 1: Physical masses (in GeV) of neutral Higgs bosons, squarks and lighter gauginos in
the CPX scenario with tan β=5 and mH±=130 GeV with the threshold corrections.
σt˜1 t˜∗1 σb˜1 b˜∗1
σt˜2 t˜∗2 σb˜2 b˜∗2
σt˜1 t˜2 σb˜1 b˜2 σt˜i b˜j σg˜g˜
2861 323.3 4 178.5 8 0.6 7 135
Table 2: Production cross sections (in fb) at lowest-order computed with CalcHEP interfaced
with CPsuperH for different signal processes at the LHC in the CPX scenario and for the
spectrum of Table 1. CTEQ6L parton distribution functions are used and the renormaliza-
tion/factorization scale is set to
√
sˆ.
been taken to be 175 GeV3.
It is to be noted that the first two generation sfermion masses must be kept suf-
ficiently heavy so that the stringent experimental bound (for example, the electric
dipole moment of the neutron) is satisfied. Here we have not considered possible ways
of bypassing such bounds, and set the masses of the first two sfermion families at 10
TeV. Thus our analysis is based on the mass spectrum showed in Table 1 with tan β=5
and mH±=130 GeV with the threshold corrections and considered as benchmark point
1(BP1).The cross sections for different supersymmetric production processes are com-
puted with CalcHEP [43] (interfaced with the program CPSuperH[44, 45]). For the
benchmark point 1(BP1) the cross-section for different supersymmetric processes are
listed in the Table 2. The cross-sections of the associated Higgs production within the
model have been given in Table 3.
As we will be focusing on the cascade decay of the third generation strongly in-
teracting supersymmetric particles (squarks) and gluino we should also see how the
branching fraction changes down the cascade compared to CP-conserving SUSY sce-
nario. For the bench mark point we list the the branching fractions for t˜1, b˜1, g˜ and the
Higgses in the Tables 4, 5, 6, 7 respectively. Here the charged Higgs which is produced
in the cascade decay goes through an unconventional decay mode H± → h1W± due to
3The frequent shift in the central value of mt, coming from Tevatron measurements, causes the size of
the hole to change, although its location remains the same. However, there is little point in worrying about
this uncertainty, since the very quantum corrections which are at the root of all CP -violating effects in the
Higgs sector are prone to similar, if not greater, theoretical uncertainties
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σtt¯h1 σtt¯h2 σtt¯h3
8 190 132
Table 3: Production cross sections (in fb) at lowest-order computed with CalcHEP interfaced
with CPsuperH for different signal processes at the LHC in the CPX scenario and for the
spectrum of Table 1. CTEQ6L parton distribution functions are used and the renormaliza-
tion/factorization scale is set to
√
sˆ.
Br(t˜1 → bχ+1 ) Br(t˜1 → tχ01)
0.81 0.19
Table 4: Branching fractions for lighter top squark in the CPX scenario.
the low mh1 in CPX scenario. Mainly due to this all the signal topologies get changed
that is from the CP-conserving SUSY scenario.
3 Collider signatures
In this section we will discuss the cascade decays of third generation squarks under the
CPX scenario. First consider the t˜1t˜
∗
1. When both the t˜1 decays via t˜1 → tχ01 then we
have the following final states at the end.
pp→ t˜1t˜1∗ → tt¯χ01χ01 → bb¯H+H−χ01χ01
→ bb¯W+W−h1h1χ01χ01
→ 6b+ 4(non− b)jet+ 6 pT
→ 6b+ l + 2(non− b)jet+ 6 pT
→ 6b+OSD+ 6 pT
But Br(t→ bH+) ≃ 0.011 due to which the effective branching fraction, i.e. Br(t˜1t˜∗1 →
bb¯H+H−χ01χ
0
1) ≃ 5 × 10−8. Thus above channels which could have been interesting
and could have added to the signal cross-section those coming from b˜1b˜1
∗
no longer do
Br(b˜1 → t˜1H−) Br(b˜1 → t˜1W−) Br(b˜1 → tχ−1 ) Br(b˜1 → bχ02) Br(b˜1 → bχ01)
0.77 0.12 0.05 0.04 0.01
Table 5: Branching fractions for lighter bottom squark in the CPX scenario.
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Br(g˜ → bb˜1) Br(g˜ → bb˜2) Br(g˜ → tt˜1) Br(g˜ → tt˜2)
0.28 0.24 0.32 0.16
Table 6: Branching fractions for gluino in the CPX scenario.
Br(H± → h1W±) Br(h1 → bb¯) Br(h2 → h1h1) Br(h3 → h1h1)
0.84 0.92 0.85 0.82
Table 7: Branching fractions for Higgs bosons in the CPX scenario.
so. There are other modes coming from t˜1t˜
∗
1 which could be interesting. For example,
the case where one of the t˜1 decays via t˜1 → bχ+1 and this gives rise to the following
signal signal topologies.
t˜1t˜1
∗ → tb¯χ01χ−1 → bb¯H+W−χ01χ01 → bb¯h1W+W−χ01χ01
→ 4b+ 4(non− b)jet+ 6 pT
→ 4b+ 1(non− b)jet + 1ℓ+ 6 pT
→ 4b+OSD+ 6 pT
Now we consider the other pair production of the third generation scalar quark,
the sbottom pair production. As given in Table 2 s the production cross section is
about 323 fb. Due to large branching fraction in b˜1 → t˜1H− (Table 5), in the main
decay mode, both of the sbottoms decay in this channel. Then due to large branching
fraction of H± → h1W± (Table 7) we end up with 4W +2h1 +2b+ 6pT . Depending on
the decay mode of w we can have the following final states.
pp→ b˜1b˜1∗ → t˜1t˜1∗H+H− → bb¯W+W−W+W−h1h1+ 6 pT
→ 6b+ LSD + 4(non− b)jet+ 6 pT
→ 6b+ 3ℓ+ 2(non − b)jet+ 6 pT
→ 6b+ 4ℓ+ 6 pT
The contribution of gluino pair production comes from the gluino decays to these
stops and sbottoms (Table 2 and Table 6). As for this CPX parameter space, mass
of the gluino is taken to be heavier than the third generation scalar quarks, so this
cross-section just adds to the signal cross-section (either stop or sbottom). Below we
list the effective cross-section of different channels coming from third generation scalar
squark decays (stop and sbottom pairs).
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Number of Channels Effective
channels cross-sec (in fb)
1 6b+ LSD + 4(non− b)jet+ 6 pT 11.49
1 6b+OSD + 4(non− b)jet+ 6 pT 22.98
2 6b+ 3ℓ+ 2(non− b)jet+ 6 pT 17.24
3 6b+ 4ℓ+ 6 pT 8.62
4 4b+ 4(non− b)jet+ 6 pT 0.38
5 4b+ 1(non− b)jet + 1ℓ+ 6 pT 0.18
6 4b+OSD+ 6 pT 0.09
Table 8: Production cross sections (in fb) at lowest-order computed with CalcHEP interfaced
with CPsuperH for different signal processes at the LHC in the CPX scenario and for the
spectrum of Table 1. CTEQ6L parton distribution functions are used and the renormaliza-
tion/factorization scale is set to
√
sˆ.
The channels coming from b˜1b˜1
∗
are absolutely background free at the partonic
level. So these could be golden channels to probe CPX. It is the b˜1b˜1
∗
which could
produce multiple b-s in the final state. It is very clear from Table 8 that the multiple
b processes, like the 4b processes coming from t˜1t˜1
∗
have very low cross-section. But
because of ISR/FSR and jet smearing, the parton level predictions could change. For
that purpose we go through a PYTHIA [46] simulation to analyse the signals and
backgrounds in the next section.
4 Collider study
In this study, CalcHEP (interfaced to the program CPSuperH) has also been used for gen-
erating parton-level events for the relevant processes. The standard CalcHEP-PYTHIA
interface [49], which uses the SLHA interface [50] was then used to pass the CalcHEP-
generated events to PYTHIA [46]. Further, all relevant decay-information is generated
with CalcHEP and is passed to PYTHIA through the same interface. All these are re-
quired since there is no public implementation of CPV-MSSM in PYTHIA. Subsequent
decays of the produced particles, hadronization and the collider analyses are done with
PYTHIA (version 6.4.22).
We used CTEQ6L parton distribution function (PDF) [47, 48]. In CalcHEP we opted
for the lowest order αs evaluation, which is appropriate for a lowest order PDF like
CTEQ6L. The renormalization/factorization scale in CalcHEP is set at
√
sˆ. This choice
of scale results in a somewhat conservative estimate for the event rates.
In the CPX scenario, although h1 decays dominantly into bb¯, our simulation reveals
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Figure 1: Ordered pjetT (left) and parton level b pT distributions in CPV-SUSY scenario for
b˜1b˜
∗
1
that in a fairly large fraction of events both the b-quarks do not lead to sufficiently
hard jets with reasonable b-tagging efficiency. This is because of the lightness of h1 in
this scenario. To illustrate this, we present in Figure 1 the ordered pT distributions for
the four parton-level b-quarks in the signal from b˜1b˜
∗
1. It is clear from this figure that
the b-quark with the lowest pT in a given event is often below 40 GeV or thereabout,
which could have ensured a moderate tagging efficiency (≥ 50%).
For hadronic level simulation we have used PYCELL, the toy calorimeter simulation
provided in PYTHIA, with the following criteria:
• the calorimeter coverage is |η| < 4.5 and the segmentation is given by ∆η×∆φ =
0.09× 0.09 which resembles a generic LHC detector
• a cone algorithm with ∆R = √∆η2 +∆φ2 = 0.5 has been used for jet finding
• pjetT,min = 20 GeV and jets are ordered in pT
• leptons (ℓ = e, µ) are selected with pT ≥ 20 GeV and |η| ≤ 2.5
• no jet should match with a hard lepton in the event
From the Figure 1 it is very clear that the parton level distributions are reflected in
the PYCELL level jets. From the pT s of the jets and b’s it is clear that there are two
b’s or jets having pT greater than 100 GeV, which are coming from the t˜1’s. On the
other hand the b’s coming from the light Higgs h are of low pT s.
From Figure 2 we can see that the jet multiplicity for the t˜1t˜
∗
1 is higher than of tt¯
which is true for b˜1b˜
∗
1 and g˜g˜ as well. So higher jet multiplicity cut will reduce the tt¯ as
well as the other Standard Model (SM) backgrounds. Figure 3 and 4 show the lepton
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Figure 2: Jet multiplicity distributions in CPV-SUSY scenario for t˜1t˜
∗
1 and tt¯
pT and multiplicity distributions. These figures suggest that we can have some hard
leptons in the final states that will also kill the SM backgrounds; specially with higher
multiplicity.
We also compare the missing pT distributions of b˜1b˜
∗
1 and tt¯ in Figure 5 which
suggests that 6pT ≥ 100 GeV will kill the sufficient amount of tt¯ events.
The possible backgrounds are very less because of higher jet multiplicity and higher
number of b-jets, leptons and missing energy for the signal topologies. But still for the
signal topologies with lower number of b-jets and leptons can have some Standard model
backgrounds. These are tt¯, tt¯Z, tt¯tt¯, tt¯bb¯. In particular ISR/FSR can increase the jet
multiplicity of these backgrounds and these should be considered. Among these tt¯tt¯
cross-sec is very low (of the order few fb), 4. We calculated other potential backgrounds
by CalcHEP-PYTHIA [49] and AlPGEN-PYTHIA interfacing [51].
5 Results
Below we have analysed few signal topologies for the case of bench mark point 1(BP1).
Table 9 presents the contributions to the signals for different supersymmetric cascade
decays. In all we have taken nine different signal topologies. Out of these, the first
six are of higher jet-multiplicities and the remaining topologies are of relatively low jet
multiplicities (njet ≥ 4). Table 9 gives the number for an integrated luminosity of 10
fb−1. From Table 9 it is clear that for higher jet-multiplicity t˜1t˜
∗
1 does not have much
contribution as explained in Section 3. It contributes mostly for the low jet multiplicity
4Checked with Alpgen [51]
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Figure 5: Missing pT distributions in CPV-SUSY scenario for b˜1b˜
∗
1 and tt¯
signals. For the higher jet multiplicity the maximum contribution comes from g˜g˜.
The corresponding main SM backgrounds are listed in Table 10 for an integrated
luminosity of 10 fb−1. Comparing Table 9 and Table 10 we can get a significance
≥ 10σ for almost all the signal topologies except signal topology 7; which is of 4.81σ.
Now as we have discussed in Section 3. Out of all the jets there are two b − jets
which are of high pT coming from the t˜1 decay which are not there in case of the SM
backgrounds. So we demand the first and the second highest jets to have pT greater
than 100 GeV. The event rates with this cuts are given in the brackets of Table 9 and
Table 10. Implementation of these cuts increases the signal significance by 10-20%.
Next we extend this analysis to the other points of the ‘LEP-hole’ and show the
viability of these signals in other regions of the CPX hole. It has already been noted
in the literature that the size and the exact location of the hole in the parameter space
depend on the method of calculating the loop corrections [45, 52, 53]. However, the
calculations agree qualitatively and confirm the presence of the hole. To be specific we
have chosen points from the hole as presented by [9].
In Table 11 we varied tan β and mH± keeping the other parameters fixed. These
correspond to three more different regions of the LEP hole and are termed as benchmark
points 2 -4 (BP2 - BP4), all within the hole. We computed the sensitivity for all of
these points; both signals and backgrounds. The results are summarised in Tables 12,
13, 14, 15, 16, 17. These results suggest that the LEP-hole can be probed with an
integrated luminosity of 5-10 fb−1 as like in the benchmark point 1. However, the
multilepton channels, e.g., 3l, 4l and like sign di-lepton being almost background free,
have 5σ reach with very early data of the LHC. So with the early data of LHC every
corner of the ‘hole’ is expected to be probed via these cascade decays. For
√
S = 7
12
No. Signal topology b˜1b˜
∗
1 t˜1t˜
∗
1 g˜g˜
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 10(5.6) 0.4(0.2) 53(52.8)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 7(3.9) 0.4(0.2) 37(36.7)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 4(2.2) 0(0) 23(22.1)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 2(1.1) 0(0) 8(8)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0(0) 0(0) 1(0.8)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 3(1.5) 0(0) 34(33.2)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 116(63.6) 45(26.2) 283(279.3)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 21(9.7) 4(1.9) 54(52.9)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 149(96.3) 46(34.2) 499(498)
Table 9: Event rates for the CPX point(BP1) of an integrated luminosity of 10 fb−1
No. Signal topology tt¯ tt¯Z tt¯bb¯
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 19(13) 0.33(0.27) 6.1(4.6)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 17(12) 0.29(.23) 6.1(4.6)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 3(1) 0.05(0.05) 0(0)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0(0) 0.27(0.19) 0(0)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0(0) 0.0(0.0) 0(0)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 5(5) 0.08(0.05) 2.6(2.4)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 1890(953) 22.6(13.21) 297.1 (170.4)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 226(101) 2.7(1.4) 34.2(16.6)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 1109(784) 13.4(10.5) 252.3(185.6)
Table 10: Event rates for the CPX point(BP1) of an integrated luminosity of 10 fb−1
Parameters BP2 BP3 BP4
tanβ 4.0 4.0 7.0
mH± 140 135 125
mh1 (GeV) 49.45 33.8 40.8
Table 11: Benchmark points within the LEP-hole in mh1-tanβ plane.
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No. Signal topology b˜1b˜
∗
1 t˜1t˜
∗
1 g˜g˜
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 14.1(7.8) 0.19(0.10) 58.4(56.5)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 10.1(5.6) 0.19(0.10) 40.0(38.7)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 5.2(2.8) 0(0) 26.1(25.2)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 1.8(1.0) 0(0) 9.5(9.1)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0(0) 0(0) 0.6(0.6)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 4.6(2.5) 0.1(0) 36.3(38.7)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 146.3(78.6) 44.8(23.4) 296.0(289.4)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 26.9(12.6) 3.3(1.4) 56.5(54.5)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 196.6(123.7) 48.5(34.0) 516.6(510.7)
Table 12: Event rates for the CPX point(BP2) of an integrated luminosity of 10 fb−1
TeV, the production cross-sections are given in Table 18. From Table 18 it is clear
that the cross-sections for
√
S = 7 TeV are reduced by the factor of ∼ 10, whereas
the main background tt¯ is reduced by a factor of ∼ 6. These make the reach possible
for higher luminosity, though 3l, 4l and like sign di-lepton channels, which are almost
background free can be still observed with the early data of the LHC ( a few fb−1).
On top of this multi-channel analysis we try get the invariant mass peak for the
light Higgs boson. In that case it would of great help in probing the CP-violating light
Higgs boson as well as killing all the backgrounds which include the model background
as well. Among the all different signal topologies we have taken n − jet ≥ 6 (3 b −
jets) + 4 leptons+ 6pT ≥ 150GeV + meff ≥ 100GeV which has the best reach. Here
we define meff as scalar sum of missing-pT , jet-pT s and lepton-pT s. Figure 6 shows
the invariant mass of two b-jets in this final state topology for benchmark point 1. The
figure clearly shows a peak around light Higgs boson mass which is around 40 GeV.
On top of this at integrated luminosity of 10 fb−1 no tt¯ event passes the above signal
criteria to contribute in the invariant mass distribution as backgrounds. The mass peak
also very useful to kill all the other model backgrounds. Thus, reconstruction of the
light Higgs boson mass peak could be an indicator of the CP-violating Higgs discovery.
The effective masses and couplings at one loop depend on the soft masses, i.e.,
MSUSY, that contribute in the loop. Thus, the Z − Z − h1 coupling as well the shape
of the ’LEP hole’ change with the variation of MSUSY. In principle there could be
some regions where mh1 is still light (≤ 60 GeV) but ruled out by LEP because of the
Z−Z−h1 coupling is large. From [54] we see that whenMSUSY increases the ’LEP hole’
almost vanishes, as the mixing term in the Higgs mass matrix, i.e., MSP ≃ µ
2A
MSUSY
goes
to zero. In page 62 and Figure 28 of [54] describes two different scenarios corresponding
14
No. Signal topology tt¯ tt¯Z tt¯bb¯
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 19(12) 0.33(0.25) 3.4(1.9)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 17(10) 0.30(.22) 3.4(1.9)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 3(3) 0.07(0.05) 0(0)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0(0) 0.17(0.10) 0(0)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0(0) 0.0(0.0) 0(0)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 2(1) 0.12(0.08) 1.9(0.9)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 1950(952) 23.0(13.4) 314.2(172.6)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 226(98) 2.6(1.4) 33.5(15.4)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 1056(733) 14.69(11.14) 265.9(187.2)
Table 13: Event rates for the CPX point(BP2) of an integrated luminosity of 10 fb−1
No. Signal topology b˜1b˜
∗
1 t˜1t˜
∗
1 g˜g˜
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 13.2(7.4) 0.57(0.57) 54.52(53.00)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 9.1(5.1) 0.57(0.57) 37.09(36.04)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 5.2(2.8) 0(0) 23.18(22.48)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 1.7(0.9) 0(0) 7.33(6.93)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0.1(0) 0(0) 0.82(0.65)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 4.3(2.2) 0.28(0.28) 34.39(33.39)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 134.1(72.2) 43.87(20.78) 287.66(282.32)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 24.4(11.4) 4.76(2.38) 53.41(51.82)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 179.9(114.5) 50.45(33.66) 494.04(488.58)
Table 14: Event rates for the CPX point(BP3) of an integrated luminosity of 10 fb−1
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No. Signal topology tt¯ tt¯Z tt¯bb¯
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 9(5) 0.32(0.21) 6.8(3.9)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 9(5) 0.29(.18) 6.5(3.7)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 3(3) 0.07(0.03) 0.2(0.2)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0(0) 0.27(0.20) 0(0)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0(0) 0.0(0.0) 0(0)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 1(0) 0.10(0.05) 2.9(1.7)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 1250(491) 22.05(12.43) 313.8(174.5)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 130(41) 2.90(1.32) 38.5(17.1)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 473(266) 13.99(10.44) 254.9(178.2)
Table 15: Event rates for the CPX point(BP3) of an integrated luminosity of 10 fb−1
No. Signal topology b˜1b˜
∗
1 t˜1t˜
∗
1 g˜g˜
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 3.39(2.09) 0.19(0.09) 50.53(49.24)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 2.36(1.44) 0.09(0.00) 33.86(33.04)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 1.28(0.80) 0(0) 22.18(21.48)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0.74(0.51) 0(0) 7.28(6.98)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0.03(0.03) 0(0) 0.47(0.47)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 0.63(0.37) 0(0) 29.40(28.76)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 66.47(38.48) 41.47(21.74) 314.14(307.86)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 10.18(5.18) 4.01(2.00) 59.22(57.16)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 77.26(52.73) 47.11(34.01) 521.51(515.17)
Table 16: Event rates for the CPX point(BP4) of an integrated luminosity of 10 fb−1
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No. Signal topology tt¯ tt¯Z tt¯bb¯
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 9(4) 0.29(0.23) 3.7(3.1)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 9(4) 0.25(.21) 2.9(2.4)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 3(3) 0.07(0.05) 0.7(0.7)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0(0) 0.18(0.10) 0(0)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0(0) 0.0(0.0) 0(0)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 1(1) 0.09(0.07) 0.9(0.7)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 1049(420) 21.43(12.58) 310.6(168.2)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 105(30) 2.42(1.30) 38.6(16.1)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 412(244) 13.70(10.15) 258.8(184.1)
Table 17: Event rates for the CPX point(BP4) of an integrated luminosity of 10 fb−1
σt˜1 t˜∗1 σb˜1 b˜∗1
σb˜2 b˜∗2
σg˜g˜
288.7 21.9 10.6 0.7
Table 18: Production cross sections (in fb) at lowest-order computed with CalcHEP inter-
faced with CPsuperH for different processes at the LHC in the CPX scenario and for the
spectrum of Table 1 for
√
s = 7 TeV. CTEQ6L parton distribution functions are used and the
renormalization/factorization scale is set to
√
sˆ.
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Figure 6: Invariant mass of b-jet pair for benchmark point 1
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Figure 7: Cross-sec variation of with MSUSY for t˜1t˜
∗
1, b˜1b˜
∗ (left) and g˜g˜ (right)
to MSUSY = 1 TeV as given below.
1. CPX1.0:
µ = 4MSUSY, |A| = 2MSUSY, |M3| = 2MSUSY.
For this case with MSUSY = 1TeV the hole is still there near mh1 = 30− 60 GeV.
2. CPX0.5:
Where MSUSY = 1 TeV for third generation squark masses but all the other
parameters kept in the as normal CPX, i.e. corresponding to MSUSY = 500 GeV
case as before. For this case the ’hole’ is shifted to mh1 ≥ 75 GeV.
Figure 7 describe the variation of the production cross-section of the t˜1t˜
∗
1, b˜1b˜
∗
1 and
g˜g˜ with MSUSY respectively. From the figures it is very clear that the cross-sections
drops down very fast as MSUSY increases. Thus the cross-sections for the CPX0.5,
CPX1.0 decrease, resulting lowering of events for the final states. In Table 19 and
Table 20 present the number of events for the CPX0.5, CPX1.0 for the integrated
luminosity of 10 fb−1. The numbers suggest that for the CPX0.5 we still get 5σ signal
significance over the SM backgrounds for most of the signal topologies. This is because
the gluino contribution is still large, as in CPX0.5 the |mg˜| = 1TeV; which is same
as the normal CPX scenario. Where as for CPX1.0 none of the final states get 5σ
significance for 10 fb−1 of integrated luminosity. The signal 8, which is having best
significance over the background, will require 128 fb−1 of integrated luminosity for the
5σ significance over the SM backgrounds.
In our choice of parameter points, we have M1 = 100 GeV, M2 = 200 GeV and
MSUSY = 500 GeV for all the first four benchmark points. In those cases stop has two
decay modes; t˜1 → tχ01 and t˜1 → bχ+1 . But as we increaseMSUSY to higher values other
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No. Signal topology b˜1b˜
∗
1 t˜1t˜
∗
1 g˜g˜
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 0.18(0.18) 0.06(0.05) 34.11(32.75)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 0.15(0.14) 0.06(0.05) 23.18(22.51)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 0.06(0.06) 0.01(0.01) 13.89(13.07)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0.04(0.04) 0(0) 4.18(3.91)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0.01(0.01) 0(0) 0.40(0.40)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 0.06(0.06) 0.04(0.03) 20.09(19.01)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 2.43(2.29) 3.24(2.96) 238.88(226.20)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 0.35(0.31) 0.36(0.31) 40.85(37.34)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 3.33(3.25) 4.16(4.08) 396.06(384.37)
Table 19: Event rates for the CPX0.5 of an integrated luminosity of 10 fb−1
No. Signal topology b˜1b˜
∗
1 t˜1t˜
∗
1 g˜g˜
1 njet ≥ 8(b− jet ≥ 3) + l ≥ 2+ 6pT ≥ 100 0.16(0.15) 0.12(0.11) 0.25(0.25)
2 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 0.11(0.11) 0.09(0.09) 0.17(0.17)
3 njet ≥ 8(b− jet ≥ 3) + l ≥ 2(SSD ≥ 1)+ 6pT ≥ 100 0.06(0.05) 0.03(0.02) 0.12(0.12)
4 njet ≥ 8(b− jet ≥ 2) + l ≥ 3+ 6pT ≥ 100 0.03(0.03) 0(0) 0.04(0.04)
5 njet ≥ 8(b− jet ≥ 2) + l ≥ 4+ 6pT ≥ 100 0.01(0.01) 0(0) 0.01(0.01)
6 njet ≥ 8(b− jet ≥ 4) + l ≥ 2+ 6pT ≥ 100 0.05(0.05) 0.07(0.06) 0.17(0.17)
7 njet ≥ 4(b− jet ≥ 3) + l ≥ 1+ 6pT ≥ 100 2.54(2.40) 6.32(5.64) 1.33(1.33)
8 njet ≥ 4(b− jet ≥ 3) + l ≥ 2(OSD ≥ 1)+ 6pT ≥ 100 0.43(0.38) 0.56(0.43) 0.23(0.23)
9 njet ≥ 8(b− jet ≥ 3)+ 6pT ≥ 100 3.68(3.58) 9.48(9.12) 2.35(2.35)
Table 20: Event rates for the CPX1.0 of an integrated luminosity of 10 fb−1
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decay modes of stop could also be open. In principle stop can decay to tχ02 (in the case
of CPX0.5, CPX1.0) as shown below. The χ02 thus produced, can have two-body or
three body decays depending on the parameter points which will enrich the final state
at the end
t˜1 → tχ02 → tllχ01
→ tZ/hχ01
. Along with the above mentioned decay modes, we could have the following decay
and also to higher neutralino modes.
t˜1 → bχ+2 → bH+χ01
→ bW+χ01
But, in the CPX scenario, µ = 4MSUSY, which makes the higher charginos and neu-
tralinos as Higgsino type, thus much heavier than the corresponding stop mass eigen
states. This results in making these decay modes kinematically disallowed.
6 Summary and Conclusions
We have explored supersymmetric cascade decays in the context of CP-violating MSSM
and important for the CPX scenario. This cascade decay analysis can also probe the
‘LEP-hole’ in the CPX scenario with the early data from LHC. These final states in
the CPX scenario are a consequence of low mass of the lightest Higgs boson (as light as
30 GeV). The invariant mass distribution of these b-jets also peaks around the lightest
neutral Higgs boson. This kills all the model and other backgrounds. Moreover, multi-
lepton final states (3l, 4l and like sign di-lepton) are easy to detect as they are almost
background free; thus have 5σ reach for the corresponding signals with very early data
of LHC for both 14 TeV and 7 TeV center of mass energy. We have also studied the
range of sensitivity for MSUSY = 1 TeV for CPX0.5 and CPX1.0 in this context. We
found that though 5σ reach is possible for CPX0.5 with 10 fb−1 of data, for CPX1.0
one needs to go beyond 100 fb−1 data. Also heavier stop in these cases can lead to
richer final states through its decay to Higgs(es) or leptons. Finally the supersymmetric
cascades under CP-violating scenario are very different from the CP-conserving case
because of the possible non-trivial decay modes in the former case.
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